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| 1 — Introduction |

e If it exists, the Standard Model (SM) Higgs boson will be dngered
at the LHC

e The LHC promises complete coverage of Higgs decay scenarios

e Quantitatively at the LHC: measure

(1 Mg to 0.1%
O I'ygto< 10%
[] ox Brto 10%
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what remains to be dondetermine Higgs potential

1 1.
V(ng) = 577%?{77?[ + Avny + ZM%I,

ng: physical Higgs fieldy = (vV2Gr)~1/2,

SM: XA = X\ = Agpy = m%/(20?)
] )\ and)\ areper sefree parameters

to measure\ (), experiments must obsenéH (H H H) production

(1 HHH cross sections too small to proBeat any machine consid-
ered so far

[] concentrate on in the following

radiative corrections té/ H H coupling:

[J SM: —4% — —11% for 120 GeV < My < 200 GeV (Yuanet al.)
[] can be up td.00%in general 2ZHDM

[] MSSM: up to 8% for light stop squarksipllik et al.)
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The measurement of the Higgs self-couplingjs one of the bench-
marks which is used to gauge the performance of the ILC

Past investigations have focused on a very light Higgs bésaon =
120 GeV) with /s = 500 GeV

and the background was estimated using shower Monte Carlos

Here, | present calculations usiMpdEvent

formyg = 120 GeV,myg = 140 GeV andmy = 180 GeV (disfa-
vored in recenG-l TTERfits)

Vs =500 GeV, 1 TeV and 3 TeV
forete” — ZHH — jj4bandete” — vvHH

with the backgrounds, including the non-resonant diagrarabk
culated using exact matrix elements (whereever possible)
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| 2 — 7/ H H Production |

e | focus onZHH — j54b and require that thg; system is compatible
with a Z boson, and thdb’s form two pairs which are compatible in
Invariant mass with a Higgs boson:

Mz — m(jj)| < 8 GeV

100 (120) GeV < m(bb) < 126 (150) GeV

for my = 120 (140) GeV.

e require 4 tagged-quarks

e include minimal detector effects by Gaussian smearing (dlet&ctor
expectations):

AFE 0.405 AFE 0.102

T(had) — 'ﬁ, F(lep) - ﬁ?
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Ejwy > 15 GeV, 5° < 0(j(b),beam) < 175°
0(j(b),5' (b)) >10°  6(j,b) > 10°

assume a-tagging efficiency ot, = 0.9, and charm and light
guark/gluon jet misidentification probabilities of

P._p, = 10%, Pj_, = 0.5%

also investigate, = 0.8 andP._., = 2%, P;_;, = 0.1%
take energy loss daf-quarks into account via a parametrized functio

m g g distribution is sensitive to
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e main backgrounds:

1 non-resonant diagrams=(8500 O(a®), O(ata?) and O(a?a?)
diagrams)

[0 jjbbeé (bb4j) production with two mis-identified charm (light
guark/gluon) jets (7300 [15600] diagrams)

[] assume-jet charge can be measured with 100% efficiency (expéc-
tation for ILC: =~ 90%)

e results: solid black: SM signal,
magentaSM resonant and non-resonant diagrams
dash (dOtS)AAHHH — (>\/>\SM — 1) = +1 (—1)

dashed blugej jbbce background

Ulrich Baur Fermilab 10/22/2009



/s = 500 GeV
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e The jjbbce and non-resonant backgrounds fa; = 140 GeV are
muchlarger than form gy = 120 GeV

e The cross section fany = 140 GeV istiny (Br(H — bb) ~ 30%)

e black dashed histogram: combinatorial background fromimithe
wrongb andb
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Vs=1TeV

Vs = 1 TeV
My=120 GeV
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e The background fomy = 140 GeV is significantly smaller foy/s =

1 TeV
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e Thebb4;j background is negligible at botlfs = 500 GeV and 1 TeV
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e Theete™ — ZHH — jj4brate is very small

e The signal rate can be increased by requiriag3 taggedb-quarks
Instead of 4-tags
gain factor~ 1.4

Vs = 500 GeV

0.0000 —+——

PrpTTTTpTTT T
ete” »ZHH-jjbbbb |

Vs = 500 GeV
My=120 GeV

3 tagged b quarks _ |

21
150 200

require aj;j pair consistent withZ, abb pair,

with a Higgs

250 300
My (GeV)

107° g
- b)
r 3 tagged b quarks

Vs = 500 GeV
My=140 GeV

‘ T T T T ‘ T T T T E
e*e” »ZHH-jjbbbb ]

and abj pair consistent
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lines:

solid (dashed) bluebbcjjj (bbeejj)

rect bb4;j

all others have the same meaning as before

Unfortunately, at,/s = 500 GeV, the gain is more than compensate
by theincreasdn thebb4; andjjbbee background.

In addition,bbcjjj production contributes to the background

Note the background cross sectionds o and thus carries a sub
stantial renormalization scale uncertainty

[ either need NLO QCD corrections calculated for backgroygded
luck with that!) or have to measure backgrounds
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e“e” »ZHH- jjbbbb

T T TTTTT

ete” »ZHH - jjbbbb
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Vs = 1 TeV s ©
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T TTTHH‘

11 L

3 tagged b—quarks 3 tagged b—quarks

T TTTHH‘
1 lllHHl

T TTTHH‘
1 lllHHl

[AN]
o

e background much more favorable gk = 1 TeV; however, it is still
non-negligible
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| 3 —vv H H Production |

Considervv HH — vv4b for mg = 120 GeV andmyg = 140 GeV
first

Require that the foub’s form two pairs which are compatible with a
Higgs boson

100 (120) GeV < m(bb) < 126 (150) GeV

for my = 120 (140) GeV.

require> 3 taggedb-quarks

includeZHH — yipjdbwithl = p, 7
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use same basic cuts and resolutions as before

In addition, we require
pr > 15 GeV

main backgrounds:

[ non-resonant diagrams(2300 O (), andO(a?a?) diagrams)

[ vwbbce (vbbjj) production with two mis-identified charm (light
guark/gluon) jets (900 [2100] diagrams)

other backgrounds#b andbbjj production with the missing trans-
verse momentum originating from jet mismeasurements aacith
ergy loss ofb-quarks

requirepr > 15 GeV

Furthermore:ete~ — ete bbbb where both electrons are misse
(not calculated yet)
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e results: solid black: SM signal,
magentaSM resonant and non-resonant diagrams
dash (dOtS)AAHHH = ()\/)\SM — 1) = 41 (—1)

blue vibbee background
redt vizbbjj background
solid (dashed) histogramb (bbjj) background
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Vs=1TeV

T ‘ T T T T T T T T T T T T ‘ T T T T ‘ T T T T
. _ o - e“e” > vvHH-vvbbbb A
e e »vvHH-vvbbbb | o _

_ Vs = 1 TeV
Vs = 1 TeV

My=140 GeV
My=120 GeV

=3 b tags

e Thevibbee andvizbbjj backgrounds are small
e The4b andbbj;j backgrounds pose no threat to the measuremeht o

e non-resonant contributions can easily be mistaken for dip@anoma-
lous Higgs self-coupling
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Vs =3TeV
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Formpy = 140 GeV: B(H — WW* — 4f) ~ 50%, B(WW* —
47) ~ 46%

[] one can significantly increase the signal cross sectionkayganto
account thevvbb4;j final state

Also take into accountl — ZZ* — 45 (B(H — ZZ*) ~ 10% for
mpy = 140 GeV)

require
img —m(4j5)] < 20 GeV

and one un-tagged jet pair with

mw —m(jj)| <8 GeV

main backgrounds: non-resonaubb4j, vivdc andvizbbeejj produc-
tion

Ulrich Baur

Fermilab 10/22/2009



e problem these ar@ — 8 processes with- 10°> Feynman diagrams

[] too many diagrams foMadEvent (takes more than 200h CP
time (3ghz Xeon) t@enerataliagrams

VWHI ZARD could not compile code (compilation terminated afteyr
> 48h)

HELAC- PHEGAS bombed with a glibc error

SHERPA can’t handle it in its current version (V1.1), but, accord
Ing to Frank Krauss will be able to so in V1.2

CARLQOVAT should be able to handle it, but is not publically avai
able (author never replied to my email request)

Ulrich Baur Fermilab 10/22/2009



o A substantial portion of the contribution of the non-resuinaibb4
diagrams should come from the off-sh&l* — 55 pair.
[] most of the non-resonant effects can be captured by calaglat

et e” — voWjjbb  with W — jj

e e” — vvHA4j with H — bb
e Calculateete™ — voWjjbb, W — jj here (about 7000 Feynma
diagrams)

o Expectvibbecjj and vivde backgrounds to be small (as invbbee
case)

e Thebb4j background (withér from jet mis-measurement and energ
loss of theb-quarks) is very small
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=1TeV

e"e” > vvHH->vv4jbb_ ]

Vs = 1 TeV
My=140 GeV

do/dMyy (fb/GeV)

600
My (GeV)

e Non-resonant diagrams substantially reduce the cros®gaitlarge
values ofmpy gy

e The non-resonant diagrams not included/ifi¥ j jbb jet production
may well affect the cross section to a similar degree
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Formpy = 180 GeV,B(H — WW) ~ 93%

Final states with the largest branching ratios &féf — 4W —
0*1,65 (0 = e, p) (Br ~ 24%) andHH — 4W — 85 (Br ~ 19%)
[] concentrate on those final states

ete™ — (P65

require standard cuts and, in addition, 3 or more jet pairsistend
with a W, with two of the pairs

160 GeV < m([jj]l77]) < 200 GeV

main backgrounds: non-resonant diagramslaity production (about
21,000 Feyman diagrams)

use6; invariant mass distribution to search for anomalous Higglfs s
couplings
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e A full calculation of the2 — 10 process e~ — (9165 is currently

not feasible

to get an idea of how important the non-resonant diagramd agd-

culateee™ — vilvpjiH with H — WW — 45 (1,300 Feynman
diagrams) and*e~ — vvdjH with H — WW — {v,57 (20,000
Feynman diagrams)

results forete™ — v.0. HH — v.U4*1,675:

black line: SM signal

dashed black linevev.¢*v,jjH, H — WW — 45

dotted curvev, v .4jH, H — WW — (*uv,jj

red line: average of.v.4jH, H — WW — (*v,jj andv.v 0 v,j5H,
H—-WW —4j

Ulrich Baur

Fermilab 10/22/2009



=1TeV

. — — ]
e e »v, v HH-v v v,6] 4
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e The nonresonant diagramsdiie™ — vidv,j5H with H — WW —
47 significantly enhance the cross section near threshold.

This is expected since thfe, invariant mass cannot be constrained (§
v's in the final state)
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e The non-resonant diagramsipv.4jH, H — WW — (*v,jj pro-
duction reduce the cross section by a fadtgr— 2

The averaging procedure used here ignores a very large nmuohb
Feynman diagrams which still may have a significant impacthen
Cross section

e Justification: compare SMte~ — v .0 0*v,jiH, H - WW — 45
cross section (black dashed line) with averagimegl (ine) theeTe™ —
VoDV WH, W — jj, H — WW — 44 (blue lind and the
ete™ — v WijH, W — fv,, H — WW — 44 cross section
(black solid line)
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Vs =3TeV
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e redand black dashed lines agree with a few precent

e The magentaine shows thev,v, HH, HH — 4W — {(v,65 SM
signal cross section

Ulrich Baur Fermilab 10/22/2009



Adopting the averaging procedure introduced above
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The W64 background is very small
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HH — &y

Require 4 jet pairs consistent with'’s

The jet pairs are required to form two groups 4t systems which
satisfy
160 GeV < m([jj][77]) < 200 GeV

Main background: non-resonant diagrams

Estimate by calculating™e™ — vv4jH with H — WIW — 44 and
the previously used averaging procedure

black solid line: SM signal
dashed and dotted line& gy = (A/Aspr — 1) = +1
magenta: including non-resonant diagrams
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non-resonant diagrams have a big effect

there iIs no guarantee that the approximation used here 9@ &@o-
proximation
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‘ 4 — Sensitivity Iimitsl

Perform a log-likelihood test

Assume a 10% systematical uncertainty on cross secporbébly
optimistic)

assume[ Ldt = 1 ab~! (corresponds to 5 years of running at ILC
design luminosity)

no (marignal) gain from including final states with only 3 gagl b-
quarks for,/s = 500 GeV (1 TeV)

[] considering a working point with a somewhat reduédegging ef-
ficiency, but a much reduced light/charm misidentificatioolgabilty
may help

for my = 140 GeV andvvH H production, theH H — bbWW*
final states are included in the analysis

Ulrich Baur

Fermilab 10/22/2009



e for my = 180 GeV, both thevv85 andvilr,67 final states are taken
Into account

e 68% CL limits:

[ ZHH — jjdb:
Vs =500 GeV,myg =120 GeV: —0.41 < Adggy < 0.44
Vs =500 GeV,myg =140 GeV: —6.8 < Adgpy < 2.1
vVs=1TeV,myg =120 GeV: —0.45 < Adgygy < 0.53
\/g —1TeV,myg =140GeV: —-1.0 < Ad\ggyg < 1.1

1l vwHH:
V5 =1TeV,mpg = 120 GeV: —0.21 < Adgrn < 0.30
\/g =1TeV, myg = 140 GeV: —0.38 < Adgygy < 0.94
Vs =1TeV,mpg = 180 GeV: —0.29 < Adgupm < 0.55
Vs =3TeV,my =120 GeV: —0.12 < Adgppy < 0.14
V5 =3TeV,my = 140 GeV: —0.19 < Adgga < 0.15
Vs =3TeV,my =180 GeV: —0.20 < Adgyy < 0.16
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Random Remarks

e The values reported fony = 120 GeV, /s = 500 GeV agree quite
well this those of a fast simulation by SiD (Tim Barklow)

e A full simulation, however, gives limits which are about atiar 2
worse (SID, private communication)

[ limits from v H H production are significantly more stringentat =
1 TeV than those fron¥ H H production

e At a 500 GeVete™ machine, one can measure the Higgs boson sdlf-
coupling only if the Higgs mass is close to the current lowqresi-
mental limit

[1 AtCLIC (y/s = 3 TeV), limits can be improved by up to a factor of 1.5

if 3 ab~! (5 years of running at design luminosity) can be achieved

[1 Whether the cuts used are adequate for CLIC remains to be seen
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Measuring the Higgs selfcoupling at a Muon Collider

e All results presented here appiyutatis mutandifor a muon collider
with the same center of mass energy and integrated lumynosit

e The cross section for the direct chanpgly~ — HH is several or-
ders of magnitude smallénan that forZ H H andvv H H production
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| 5— Conclusions

Non-resonant diagrams can significantly affect the totdl @ifferen-
tial cross sections farte™ — 7j4b

At a 500 GeVeTe™ machine, one can measure the Higgs boson sglf-
coupling only if the Higgs mass is close to the current lowqresi-
mental limit

Non-resonant diagrams wv4b production can mimic the effects of
non-standard Higgs self-couplings

At a 1 TeV machine, with 1 ab', vH H production gives more pre-
cise limits tharete™ — ZHH.

For CLIC (/s = 3 TeV, 3 ab ') can measure the Higgs self-couplin
with a precision ofl0 — 20%.
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